Phagocytes are specialized cells of the immune system that engulf harmful microorganisms and destroy them in phagosomes 1,2 . The destruction process depends mainly on the production of large amounts of reactive oxygen species (ROS), long thought to be generated entirely via the NADPH oxidase machinery at the phagosomal membrane 3, 4 . The 'GTP-charged' active form of the Rho-family GTPases Rac1 and Rac2 is required for phagosomal activation of NADPH oxidase 5 . In unstimulated phagocytes, GDP-charged inactive Rac1 and Rac2 form a complex with a Rho-GDP-dissociation inhibitor. The activation of Rac1 and Rac2 is initiated by their release from that inhibitor, which results in part from phosphorylation of the inhibitor by the kinase PAK or PKC-α 6,7 . The importance of Rac-GTP in phagocyte function is illustrated by a human immunodeficiency syndrome characterized by severe bacterial infections that arise from a mutation in the gene encoding Rac2 that generates the D57N substitution of Rac2 (Rac2 D57N ), which results in constitutive binding of GDP, accompanied by impaired ROS production, in phagocytes [8] [9] [10] .
Phagocytes are specialized cells of the immune system that engulf harmful microorganisms and destroy them in phagosomes 1,2 . The destruction process depends mainly on the production of large amounts of reactive oxygen species (ROS), long thought to be generated entirely via the NADPH oxidase machinery at the phagosomal membrane 3, 4 . The 'GTP-charged' active form of the Rho-family GTPases Rac1 and Rac2 is required for phagosomal activation of NADPH oxidase 5 . In unstimulated phagocytes, GDP-charged inactive Rac1 and Rac2 form a complex with a Rho-GDP-dissociation inhibitor. The activation of Rac1 and Rac2 is initiated by their release from that inhibitor, which results in part from phosphorylation of the inhibitor by the kinase PAK or PKC-α 6, 7 . The importance of Rac-GTP in phagocyte function is illustrated by a human immunodeficiency syndrome characterized by severe bacterial infections that arise from a mutation in the gene encoding Rac2 that generates the D57N substitution of Rac2 (Rac2 D57N ), which results in constitutive binding of GDP, accompanied by impaired ROS production, in phagocytes [8] [9] [10] .
In addition to phagosomal activity of NADPH oxidase, maximal phagocytic generation of ROS and bactericidal activity require the production of mitochondrial ROS (mROS) [11] [12] [13] [14] [15] . The engagement of a subset of macrophage Toll-like receptors (TLR1, TLR2 and TLR4) leads to the translocation of mitochondria to phagosomes, mediated by the assembly of a complex of the ubiquitin ligase TRAF6 and the mitochondrial complex I-assembly factor ECSIT, which results in augmentation of mROS production and bactericidal activity 11 . Furthermore, the heightened innate immune response and increased production of inflammatory cytokines by macrophages from patients with tumor-necrosis factor (TNF) receptor-associated periodic syndrome results from high mROS production rather than high NADPH oxidase-mediated production of ROS 16 . Thus, ROS production by macrophage mitochondria is required for optimal bactericidal activity and innate immune responses. However, how cells achieve the precise temporal and spatial coordination of the induction of phagosomal ROS and mROS is still incompletely understood.
The kinases Mst1 and Mst2 are the closest mammalian homologs of the Drosophila melanogaster kinase Hippo, which inhibits cell proliferation and promotes apoptosis during development by inhibiting its downstream effectors Yap and Taz through a kinase cascade formed by the scaffolding proteins WW45 and Mob1 and the kinases Lats1 and Lats2 (refs. 17-30) . However, it is less well appreciated that deficiency in Mst1 in humans results in a complex combined immunodeficiency syndrome with recurrent bacterial and viral infections, lymphopenia and variable neutropenia 31, 32 . In mice, Mst1 and Mst2 are important regulators of the adhesion, migration, proliferation and apoptosis of T cells [33] [34] [35] [36] [37] [38] [39] [40] [41] . However, the role of Mst1 and Mst2 in innate immunity is as yet largely unexplored. Here we found that Mst1 and Mst2 were important for the optimal ROS production and bactericidal activity of phagocytes by promoting activation of the small GTPase Rac and mitochondrial trafficking and juxtaposition to the phagosome through the assembly of a TRAF6-ECSIT complex.
RESULTS
Enhanced susceptibility of Mst1-and Mst2-null mice to sepsis We used mice with a published hematopoietic cell-specific knockout of Mst1 and Mst2 (Mst1 −/− Mst2 fl/fl Vav-Cre mice) 40 to study the role of these kinases in the immune system. The great majority (~70%) of Mst1 −/− Mst2 fl/fl Vav-Cre mice exhibited multiple or recurrent infections such as pneumonia (data not shown) and lung abscesses (Fig. 1a) , as well as unprovoked inflammation in multiple organs, which manifested as colitis and/or glomerulonephritis (Supplementary Fig. 1a) . We also observed that some mice showed massive extramedullary hematopoiesis and granulopoiesis in the spleen ( Supplementary  Fig. 1b,c) . The median survival time for Mst1 −/− Mst2 fl/fl Vav-Cre mice was approximately 6 months (data not shown).
The high incidence of bacterial infections in the mice doubly deficient in Mst1 and Mst2 prompted us to investigate the role of Mst1 and Mst2 in the innate immune system, which provides immediate defense against infection by activating phagocytes. We ablated Mst1 and Mst2 in myeloid cells by crossing mice with loxP-flanked Mst1 and Mst2 alleles (Mst1 fl/fl Mst2 fl/fl ) with mice expressing Cre recombinase driven by the myeoid cell-specific promoter of the gene encoding lysozyme M (Lyz2-Cre). The resultant Mst1 fl/fl Mst2 fl/fl Lyz2-Cre mice with conditional double knockout of Mst1 and Mst2 (called 'cDKO mice' here) were born at the expected ratio (data not shown) and exhibited no substantial differences in the number of circulating lymphocytes, monocytes and granulocytes, according to peripheral blood counts, relative to the abundance of these cells in their Mst1 fl/fl Mst2 fl/fl control littermates (called 'wild-type' mice here) (Supplementary Fig. 1d ). Flow cytometry indicated that the frequency of Gr-1 + CD11b + neutrophils and F480 + CD11b + macrophages was much lower in the bone marrow, spleen and blood of cDKO mice than in that of their wild-type littermates, whereas the composition and activation status of T cells and B cells in the spleen, lymph nodes or blood was similar in wild-type and cDKO mice ( Supplementary Fig. 1e,f) .
In contrast to Mst1 −/− Mst2 fl/fl Vav-Cre mice, cDKO mice did not show spontaneous inflammation or infections over the first 7 months of life (data not shown). However, in the cecal-ligation-andpuncture (CLP) model of septic peritonitis, the bacterial peritonitis killed ~80% of cDKO mice but only ~40% of their wild-type littermates (Fig. 1b) . In response to infection, the rapid mobilization of A r t i c l e s neutrophils and 'emergency' myelopoiesis were similar in the blood of wild-type mice and that of cDKO mice (Supplementary Fig. 1g ). cDKO mice exhibited significantly higher serum concentrations of the inflammatory cytokines IL-6, TNF and IL-1β at 6 or 12 h after CLP induction than their wild-type littermates (Fig. 1c) , and had more severe inflammation in lung and kidney tissues at 24 h as well ( Fig. 1d and Supplementary Fig. 1h ). In addition, bacterial invasion of the lungs, liver, spleen, kidneys and peritoneal fluid after CLP was significantly higher in cDKO mice than in their wild-type littermates (Fig. 1e) . These results indicated that the loss of both Mst1 and Mst2 in myeloid cells caused greater susceptibility to bacterial infection and an enhanced inflammatory response.
TLRs induce activation of Mst1 and Mst2 for bacterial clearance Phagocyte TLRs act as primary sentinels for the detection of pathogens through their binding of microbe-associated molecular patterns, which serve to initiate pro-inflammatory responses 1,2,42,43 .
To investigate whether Mst1 and Mst2 participate in TLR-mediated innate host responses to bacterial infections, we stimulated bone marrow-derived macrophages (BMDMs) with an array of TLR ligands, including lipopolysaccharide (LPS) (an agonist of TLR4), the synthetic lipopeptide Pam 3 CSK 4 (an agonist of TLR1 and TLR2), lipoteichoic acid (LTA) (an agonist of TLR2), the synthetic RNA duplex poly(I:C) (an agonist of TLR3), the synthetic imidazoquinoline resiquimod (R848) (an agonist of TLR7 and TLR8) and dinucleotide CpG DNA (an agonist of TLR9), and assessed the phosphorylation of Mob1, a physiological substrate of Mst1 and Mst2. We observed that the stimulation of cell-surface TLRs (TLR1, TLR2 and TLR4) substantially enhanced the phosphorylation of Mob1, whereas the ligands of endosomal TLRs (R848 or CpG DNA) did not change the phosphorylation of Mob1, except for a moderate increase in its phosphorylation induced by poly(I:C) ( Fig. 1f and Supplementary Fig. 1i ). Through the use of a mouse macrophage-like RAW264.7 cell line deficient in the adaptor MyD88, we further demonstrated that LPS, Pam 3 CSK 4 and LTA, derived mainly from bacteria, activated Mst1 and Mst2 via a MyD88-dependent pathway (Fig. 1g) . We therefore used LPS and Pam 3 CSK 4 in subsequent studies as representative stimuli for the activation of Mst1 and Mst2 in phagocytes. The deletion of Mst1 and Mst2 did not alter the TLR-induced activation of the mitogen-activated protein kinases p38, Jnk or Erk (Fig. 1h) . However, it resulted in increased induction of pro-inflammatory cytokines, such as IL-6 and TNF, in BMDMs upon stimulation with LPS (Fig. 1i) . These findings suggested that the greater susceptibility of cDKO mice to CLP-induced bacterial sepsis was not due to a lack of a pro-inflammatory response to bacterial infection.
We then assessed bacterial phagocytosis by incubating fluorescein isothiocyanate (FITC)-labeled Escherichia coli or Listeria monocytogenes with BMDMs or neutrophils isolated from cDKO mice or their wild-type littermates. Flow cytometry showed that cDKO cells exhibited less phagocytosis of both E. coli and L. monocytogenes than did wild-type cells (Fig. 2a) . However, the number of live intracellular bacteria was significantly higher in cDKO BMDMs or neutrophils than in wild-type cells, as measured at late time points (more than 30 min) after bacterial infection (Fig. 2b) , which indicated that in addition to showing a modest uptake of bacteria, cDKO phagocytes were significantly defective in the intracellular killing of bacteria. Quantification of immunofluorescence micrographs of macrophages incubated with E. coli stably expressing green fluorescent protein (GFP-E. coli) confirmed that deficiency in Mst1 and Mst2 caused both impaired engulfment of bacteria and defective clearance of bacteria (Fig. 2c,d) . These results indicated that TLR-mediated activation Mst1 and Mst2 was required for phagocytosis and efficient clearance of bacteria.
Deletion of Mst1 and Mst2 results in impaired mROS induction
ROS have an essential role in bacterial killing by phagocytes 4, 12 . In addition to phagosomal NADPH-oxidase, mROS are an essential source of ROS in this process. Through the use of ROS-sensitive dyes (mitoSOX to measure the mROS superoxide, and CM-H2DCFDA or CellROX to measure total cellular H 2 O 2 ) and flow cytometry, we observed that unstimulated wild-type and cDKO BMDMs had the same amount of mROS, whereas the basal amount of total cellular ROS was moderately greater in cDKO cells than in wild-type cells (Fig. 2e) .
To measure phagosomal ROS, we coupled E. coli with CellROX, as well as with the DNA-binding dye DAPI, for visualization. We labeled wild-type BMDMs with the division-tracking dye CFSE and mixed them with unlabeled cDKO BMDMs, or vice versa, then infected the mixed cells with CellROX-DAPI-coupled E. coli. Our data showed that the induction of phagosomal ROS was considerably impaired in cDKO BMDMs after bacterial infection (Fig. 2f) .
As reported above, engagement of the cell-surface TLRs (TLR1, TLR2 and TLR4) augmented mROS and total cellular ROS in BMDMs and neutrophils, but engagement of the endosomal TLRs (TLR3, TLR7, TLR8 and TLR9) did not ( Fig. 2g and Supplementary Fig. 2a) . Notably, stimulation of TLR1, TLR2 or TLR4 on cDKO BMDMs or neutrophils with their ligands caused little or no increase in mROS and total cellular ROS compared with their abundance in wild-type cells ( Fig. 2g and Supplementary Fig. 2a ), and infection with whole bacteria also yielded substantially lower concentrations of total ROS in cDKO cells than in their wild-type counterparts ( Fig. 2h and Supplementary Fig. 2b ). We therefore investigated whether the considerably diminished induction of mROS in cDKO cells was due to a reduced ability of their mitochondria to generate ROS. In contrast, we found that rotenone, oligomycin and antimycin A, which are electron-transport inhibitors known to increase mitochondrial generation of superoxide, augmented mROS production to a similar extent in wild-type and cDKO BMDMs (Supplementary Fig. 2c ). In addition, the number of mitochondria, the main electron-transport-chain components and the mitochondrial membrane potential were also similar in wild-type and cDKO cells (Supplementary Fig. 2d-f) . Thus, a lack of Mst1 and Mst2 did not diminish the capacity of mitochondria for ROS production, and some other factors might have been responsible for the impaired phagosomal mROS production.
Mst1 and Mst2 control the mitochondrion-phagosome juxtaposition
We next investigated how deficiency in Mst1 and Mst2 would affect the induction of mROS in phagocytes after the activation of TLR1, TLR2 or TLR4. Because mitochondria are recruited to phagosomes containing intracellular pathogens 11 , we investigated whether this process was impaired in cDKO phagocytes. We incubated BMDMs with latex beads coated with microbe-associated molecular patterns to elicit phagocytosis of the beads by the cells, which enabled visualization of the juxtaposition of phagosomes to mitochondria. cDKO BMDMs displayed much less mitochondrial cupping around phagocytosed Pam 3 CSK 4 -or LPS-coated beads than did wild-type BMDMs (Fig. 3a) . In addition, many more bacteria localized together with the mitochondria in wild-type BMDMs than in cDKO cells during infection with GFP-E. coli (Fig. 3b) .
Mst1 deficiency in T cells causes cytoskeletal disorganization 39, 40 . Similarly, we found that cDKO BMDMs exhibited disrupted F-actin organization compared with its organization in wild-type cells (Fig. 3c) . To determine whether such cytoskeletal reorganization A r t i c l e s was required for the juxtaposition of phagosomes and mitochondria in macrophages, we treated wild-type BMDMs with cytochalasin D.
As expected, this inhibitor of F-actin disrupted the cytoskeleton in a manner similar to that observed in cDKO BMDMs ( Fig. 3c and Supplementary Fig. 3a ) and significantly reduced the co-localization of GFP-E. coli with mitochondria ( Fig. 3b) , as well as the induction of mROS upon stimulation with LPS ( Supplementary Fig. 3b ). Mst1 and Mst2 regulate chemokine-stimulated reorganization of F-actin in thymocytes by promoting activation of the small GTPase Rac 40 . Treatment of BMDMs with the Rac inhibitor NSC23766 decreased the co-localization of mitochondria with GFP-E. coli ( Fig. 3b) and blocked the LPS-stimulated increase in both mROS and total cellular ROS in BMDMs and neutrophils (Fig. 3d) .
Although the overall abundance of Rac in cDKO BMDMs and neutrophils was similar to that in wild-type cells, the amount of Rac-GTP was much lower in the mutant cells, as estimated by precipitation with a glutathione S-transferase (GST)-tagged fragment (residues 70-106) of the kinase PAK (PAK 70-106 ) (Fig. 3e) . To determine whether the impaired recruitment of mitochondria in cDKO BMDMs was caused by defective activation of Rac, we crossed cDKO mice with R26Stop FL RACDA mice, which have inducible expression of a constitutively active form of Rac1 (Rac1 G12V ), to generate 'cDKO-Rac1 G12V ' mice. These mice expressed constitutively active Rac1 G12V in cDKO myeloid lineages (Fig. 3e) . BMDMs from cDKORac1 G12V mice displayed normal organization of F-actin ( Fig. 3c and Supplementary Fig. 3a) , normal mitochondrion-phagosome juxtaposition (Fig. 3a,b ) and normal production of mROS and cellular ROS upon stimulation with LPS (Fig. 3f) . These results indicated that the activation of Rac by Mst1 and Mst2 was critical for innate host defense by positively regulating the recruitment of mitochondria to phagosomes for optimal induction of mROS.
Mst1 and Mst2 disrupt the LyGDI-Rac complex via PKC-a
We next investigated the mechanism by which Mst1 and Mst2 regulated Rac activity in phagocytes. The precipitation of Flag-tagged Mst2 transiently expressed in RAW264.7 cells retrieved several endogenous proteins selectively, as identified by mass spectrometry, including PKC proteins and LyGDI (Fig. 4a) . LyGDI belongs to a family of three Rho-GDP-dissociation inhibitors that bind Rac-GDP in a cytosolic complex. The PKC-α-mediated phosphorylation of LyGDI at Ser31 disrupts the interaction between LyGDI and Rac; this releases Rac-GDP, which translocates to the membrane and undergoes guanyl nucleotide exchange 6 . Although neither Mst1 nor Mst2 bound directly to LyGDI, PKC-α did bind strongly to LyGDI (Fig. 4b) . Transiently expressed hemagglutinin (HA)-tagged Mst2 (HA-Mst2) bound to various co-expressed Flag-tagged PKC isoforms (PKC-α, PKC-β, PKC-γ, PKC-δ, PKC-ε, PKC-η, PKC-θ, PKC-ι and PKC-ζ; Supplementary  Fig. 4a) ; however, only PKC-α migrated more slowly and produced an 'up-shifted' band (as visualized by the Phos-tag labeling system for the analysis of phosphorylation, followed by SDS-PAGE) when coexpressed with wild-type Mst2, but it did not do so when co-expressed with a kinase-inactive form of Mst2 (Fig. 4c) , which indicated that PKC-α was a substrate of Mst2. Mst2-mediated phosphorylation of PKC-α, as well as the Mst2-binding site, was on the amino-terminal regulatory domain of PKC-α ( Fig. 4d and Supplementary Fig. 4b ). Mass spectrometry and site-directed mutagenesis further revealed that PKC-α was phosphorylated by Mst2 at Ser226 and Thr228 ( Fig. 4e  and Supplementary Fig. 4c ). The LPS-stimulated increase in the phosphorylation of PKC-α at Thr638, an autophosphorylation site reflective of PKC-α activation, was much lower in cDKO BMDMs than in wild-type BMDMs (Fig. 4f) . Thus, phosphorylation of PKC-α at Ser226 and Thr228 by Mst1 and Mst2 was required for the optimal activation of PKC-α. Consistent with that, co-expression of PKC-α with Mst2 enhanced the interaction between PKC-α and LyGDI (Fig. 4g) , and this in turn promoted the phosphorylation of LyGDI by PKC-α (Fig. 4h) . The phosphorylation of LyGDI led to its dissociation from the LyGDI-Rac1 complex (Fig. 4i) , which augmented the 'charging' of Rac-GTP (Fig. 4j) . In confirmation of the results obtained by transfection, the ability of LPS to diminish the interaction between LyGDI and Rac1 was much lower in cDKO BMDMs than in wild-type BMDMs (Fig. 4k) . These results established that Mst1 and Mst2, via the activation of PKC-α, disrupted the LyGDI-Rac interaction to promote activation of Rac.
TLR signaling induces the TRAF6-mediated Rac ubiquitination As shown above (Fig. 3b) , the infection of wild-type BMDMs with E. coli promoted the co-localization of phagocytosed bacteria with mitochondria, a response that was lost in cDKO BMDMs but was restored by the expression of a constitutively active form of Rac (Rac1 G12V ). Moreover, infection of wild-type BMDMs with E. coli increased the co-localization of Rac with phagosomes, and this response was much lower in cDKO BMDMs and in wild-type BMDMs treated with the Rac inhibitor NSC23766 (Supplementary  Fig. 5a ). To identify candidate Rac effectors of signaling after bacterial infection, we incubated purified Flag-tagged Rac1 G12V or an inactive form of Rac (Rac1 T17N ) with extracts of BMDMs and Fig. 5b) . We confirmed the selective interaction of TRAF6 with inactive Rac1 T17N , but not with active Rac1 G12V , by transfection of vector encoding Flag-TRAF6 together with vector encoding HA-tagged wild-type Rac1, Rac1 T17N (i.e., Rac-GDP) or Rac1 G12V (i.e., Rac-GTP) into 293T human embryonic kidney cells, followed by immunoprecipitation with anti-Flag (Fig. 5a ). TRAF6 functions with the ubiquitin-conjugating (E2) complex (consisting of UEV1A and UBE2N) to catalyze the synthesis of Lys63 (K63)-linked polyubiquitin chains on target proteins, including TRAF6 itself 44 . The incubation of Rac1 with TRAF6 and standard components required for in vitro ubiquitination demonstrated the ability of TRAF6 to catalyze the ubiquitination of Rac1 (Fig. 5b) . Substitution of a cysteine residue (Cys70) in the RING domain of TRAF6 (required for its E3 ligase activity) abolished the ubiquitination of Rac1 (Fig. 5b) . Furthermore, transfection of vectors encoding TRAF6 and Rac1 with vector encoding HA-tagged wild-type ubiquitin or ubiquitin variants that permit only K63 or K48 linkage established that the TRAF6-catalyzed polyubiquitination of Rac1 was exclusively K63 linked (Supplementary Fig. 5c ). Consistent with the lack of K48-linked ubiquitination, the proteasome inhibitor MG132 did not increase the amount of ubiquitinated Rac (Fig. 5c) . TRAF6 catalyzed the ubiquitination of Rac1 and enhanced the activation state of Rac1 (Fig. 5d) . The downregulation of endogenous TRAF6 expression in BMDMs and RAW264.7 cells through the use of short hairpin RNA (shRNA) (Supplementary Fig. 5d ) was accompanied by a marked reduction in total and K63-linked ubiquitination of Rac and activation of Rac in resting and LPS-stimulated BMDMs (Fig. 5e) .
To map the ubiquitin acceptor site(s) in Rac1, we individually replaced each of the 17 lysine residues in the Rac1 sequence with arginine and measured the ubiquitination of these Rac1 variants in 293T cells (Supplementary Fig. 5e ). Only the mutant with the K16R substitution (Rac1 K16R ) underwent substantially less polyubiquitination than did wild-type Rac1, whereas several other mutants, such as Rac1 K147R , exhibited a relatively small reduction in polyubiquitination (Supplementary Fig. 5c ). The transfection of 293T cells with vector expressing Flag-tagged Rac1 K16R or Rac1 K147R together with vector expressing Myc-tagged TRAF6 demonstrated that Lys16 was the ubiquitin acceptor site (Fig. 5f ) and was required for the TRAF6-induced activation of Rac1 (Fig. 5d) . These results established that TRAF6 directly bound to Rac and catalyzed K63-linked polyubiquitination of Rac at Lys16 in vitro and in vivo.
TRAF6-mediated ubiquitination is crucial for Rac activation
We observed that endogenous TRAF6 bound selectively to Rac1 T17N , rather than to wild-type Rac1 or Rac1 G12V (Fig. 5a) , and localized together with Rac1 T17N , but not with Rac1 G12V , at the cell periphery (Supplementary Fig. 6a ). In contrast, GST-TRAF6 bound to Rac1 in vitro to a similar extent whether Rac1 was 'charged' with GDP or GTP (Fig. 6a) . Conversely, unlike the association of wild-type TRAF6 with Rac1 variants, the association of catalytically inactive TRAF6 C70A with wild-type Rac1, Rac1 T17N or Rac1 G12V in 293T cells was comparable (Fig. 6b) . We therefore sought to define the effect of the guanylnucleotide 'charging' of Rac1 on its ability to undergo ubiquitination by TRAF6. Myc-tagged TRAF6 expressed in 293T cells ubiquitinated co-expressed wild-type Rac1 and, to a greater extent, Rac1 G12V , but was unable to ubiquitinate Rac1 T17N (Fig. 6c) . In addition, the Rac1 inhibitor NSC23766 diminished the ubiquitination of Rac1 by coexpressed TRAF6 (Supplementary Fig. 6b) . In vitro, loading of Rac1 with GTPγS (a nonhydrolyzable GTP) was required for TRAF6-catalyzed ubiquitination, whereas Mg 2+ -free and inactive Rac1-GDP were both resistant to ubiquitination (Fig. 6d) . The impaired activation of endogenous Rac observed in cDKO BMDMs (Fig. 3e) was paralleled by less ubiquitination of Rac in LPS-stimulated cDKO BMDMs (Fig. 6e) . Thus, TRAF6 'preferentially' ubiquitinated the 'GTP-charged' active form of Rac. The stimulation of RAW264.7 cells with LPS increased the GTP 'charging' of Rac and was accompanied by a decrease in the association of Rac with TRAF6 (Fig. 6f) . The inhibition of the GTP 'charging' of Rac by NSC23766, although it diminished the ubiquitination of Rac (Supplementary Fig. 6b ), prevented the LPS-induced dissociation of TRAF6 from Rac1 (Fig. 6f) . Stimulation of wild-type BMDMs with LPS also reduced the association of Rac1 with TRAF6 (Fig. 6g) and with LyGDI (Fig. 6h) , which did not occur in LPS-stimulated cDKO BMDMs (Fig. 6g,h) . These results indicated that the LPS induced the release of Rac-GDP from LyGDI by initiating GTP 'charging' of Rac1, which enabled the TRAF6-catalyzed, K63-linked polyubiquitination of Rac-GTP at Lys16, followed by the dissociation of TRAF6 from Rac-GTP. The ubiquitination of Rac, although it was catalyzed subsequent to 'charging' of Rac1 with GTP, augmented and presumably stabilized such 'charging' . These results established that TRAF6-mediated, K63-linked ubiquitination further enhanced the GTP 'charging' and activation of Rac.
Active Rac promotes assembly of the TRAF6-ECSIT complex
The recruitment of mitochondria to phagosomes and increased mROS production are mediated by the assembly of a complex of TRAF6 with ECSIT in the mitochondria 11 . We found that after infection of BMDMs with E. coli, the co-localization of TRAF6 and ECSIT with the bacteria that occurred in wild-type cells did not occur in cDKO cells, and this defect was 'rescued' in cDKO-Rac1 G12V BMDMs (Fig. 7a) . To investigate how GTP-bound Rac1 promoted assembly of the TRAF6-ECSIT complex, we performed precipitation assays to determine the relationships of these three molecules. ECSIT interacted with the carboxy-terminal MATH domain (amino acids 351-522) of TRAF6 (Supplementary Fig. 7a) , which was the same region of TRAF6 that bound to Rac1 (Supplementary Fig. 7b,c) . Co-expression of TRAF6 and ECSIT with Rac1 variants showed that wild-type Rac1 only modestly displaced ECSIT from TRAF6, but inactive Rac1 T17N did so substantially (Fig. 7b) . Furthermore, Rac1 G12V had little or no effect on the TRAF6-ECSIT complex (Fig. 7b) . Immunofluorescence staining further confirmed that active Rac1 greatly enhanced the co-localization of ECSIT and TRAF6 in HeLa cells, but inactive Rac1 did not (Supplementary Fig. 7d ). These data indicated that the tight interaction of TRAF6 with inactive Rac1 was probably due to inefficient ubiquitination of inactive Rac1 by TRAF6. Thus, inactive Rac acted in a dominant-negative fashion to block the association of TRAF6-ECSIT through the competitive binding of ECIST and inactive Rac to TRAF6.
The inactivating Rac2 D57N substitution causes a human immunodeficiency syndrome characterized by a substantial reduction in ROS production in phagocytes [8] [9] [10] . We found that as with Fig. 7e ). TRAF6 enhanced the GTP 'charging' of wild-type Rac2 but not that of inactive Rac2 D57N (Fig. 7c) . Rac2 D57N bound to TRAF6 better than wild-type Rac2 did (Fig. 7d) , and Rac2 D57N also efficiently dissociated TRAF6-ECSIT complexes (Fig. 7e) . Furthermore, the induction of mROS and cellular ROS upon stimulation with LPS was blocked in wild-type BMDMs infected with adenovirus expressing Rac2 D57N , whereas cDKO BMDMs infected with adenovirus expressing wild-type Rac2 displayed normal production of mROS and cellular ROS upon stimulation with LPS (Fig. 7f) . In addition, Rac2 D57N expressed by adenovirus also blocked formation of the ECSIT-TRAF6 complex (Fig. 7g) and mitochondrionphagosome juxtaposition (Fig. 7h) during bacterial infection. These results indicated that GTP 'charging' and ubiquitination of Rac during bacterial infection of BMDMs was critical for the dissociation of Rac from the TRAF6 MATH domain to enable assembly of the TRAF6-ECSIT complex, and that this in turn mediated mitochondrionphagosome juxtaposition and an increase in mROS production.
Rac1 G12V 'rescues' the Mst1-and Mst2-null phenotype cDKO-Rac1 G12V BMDMs displayed normal F-actin organization, mitochondrion-phagosome association and mROS production upon stimulation with LPS or bacterial infection (Fig. 3a-c,e,f and  Supplementary Fig. 3a) . Furthermore, constitutively active Rac1 G12V fully 'rescued' the Mst1-and Mst2-deficient phenotype, as shown by the restoration of phagocyte bactericidal activity and normal resistance to bacteremia during CLP-induced bacterial sepsis (Fig. 8) . These results demonstrated that the mediation of Rac activation by Mst1 and Mst2 was a critical event for phagocytes in the defense against infection. Together our findings have revealed Immunofluorescence microscopy of the co-localization (arrows) of ECSIT (purple) and TRAF6 (red) with bacteria (blue) (g), and of mitochondrial networks (red; as in Fig. 3a) with bacteria (blue) (h), in wild-type BMDMs infected with adenovirus expressing wild-type Rac2 or Rac2 D57N and incubated with E. coli. Scale bars, 20 µm. Data are from one experiment representative of three independent experiments with similar results (a-h), with ~100 cells (a,g,h).
npg TLR-Mst1-Mst2-PKC-Rac-TRAF6-ECSIT signaling in phagocytes as an important bactericidal mechanism (Supplementary Fig. 8a ).
DISCUSSION
Large amounts of ROS are generated in phagocytes upon stimulation and phagocytosis, and this is necessary for the killing of ingested pathogens. How phagocytes generate these large amounts of ROS remains incompletely understood. Here we identified a previously unknown aspect of TLR signaling involved in host defense: the role of Mst1 and Mst2 in the activation of Rac and the recruitment of mitochondria to phagosomes for optimal ROS production. The stimulation of cellsurface TLRs activated Mst1 and Mst2 to phosphorylate and stimulate PKC-α, which in turn phosphorylated LyGDI and caused the release of inactive GDP-bound Rac. Once 'charged' with GTP, Rac underwent K63-linked ubiquitination by TRAF6, which augmented further 'charging' of Rac with GTP. The importance of the contribution of Mst1 and Mst2 to such 'charging' was shown by the ability of myeloid cell-specific expression of constitutively active Rac1 G12V to restore the defective mitochondrion-phagosome association and eliminate the enhanced susceptibility to bacterial infection of mice lacking myeloid cell expression of Mst1 and Mst2. Thus, Mst1 and Mst2 are critical components of signaling via TLR1, TLR2 and TLR4 that support host defense against invading pathogens. Macrophages generate mROS through TLR signaling in response to bacteria, and they do so by coupling this signaling to mitochondrial complex I by promoting the association of TRAF6 with the mitochondrial complex I-assembly factor ECSIT 11 . Nevertheless, the mechanisms by which TLR signaling engages components from both mitochondria and phagosomes to form the active oxidase machinery for ROS production remain incompletely defined. Here we found that TRAF6 mediated the ubiquitination of Rac and maintained its active, GTP-bound state for full activation of the ROS-generating machinery during an antimicrobial response. The inactivating D57N substitution in human Rac2 (Rac2 D57N ) results in a substantial reduction in the production of ROS by phagocytes and leads to severe bacterial infections, a phenotype similar to that of mice doubly deficient in Mst1 and Mst2 (refs. 8,9) . We found that signaling via Mst1 and Mst2 controlled mitochondrial trafficking and the mitochondrion-phagosome association by stimulating activation of Rac. GTP-bound Rac, in addition to serving a key role in the activation of NADPH oxidase, mediated the actin reorganization required for the trafficking of mitochondria to phagosomes. Rac2 D57N bound to GDP but not to GTP, and Rac-GDP bound competitively to TRAF6 with ECSIT and thereby prevented formation of the TRAF6-ECSIT complex and the association of mitochondria with phagosomes. Thus, Rac is a key downstream regulator of mROS and phagosomal ROS, and the stimulation of Rac activation by Mst1 and Mst2 is critical for optimal ROS production during the phagocytosis of pathogens.
In summary, our work has demonstrated that kinases Mst1 and Mst2 are key regulators of microbe-elicited ROS production and that they act through a previously unrecognized signaling cascade:
TLR-Mst1-Mst2-PKC-Rac-TRAF6-ECIST. The downstream effectors of the TLR-MyD88 complex for the activation of Mst1 and Mst2 remain to be identified. The kinase Mst4 has been shown to limit inflammatory responses through direct phosphorylation of TRAF6 (ref. 45) . Future studies should determine whether Mst1 and Mst2 can also phosphorylate TRAF6 and, if so, whether this affects the TRAF6-mediated regulation of Rac activation. Studies have shown that the phosphorylation of transcription factors of the Foxo family by Mst1 protects against neuronal cell death induced by oxidative stress [46] [47] [48] . However, the Mst1-Foxo pathway in cells of the immune system still remains controversial 33, 35, 40 . Thus, additional studies are needed to identify in full the mechanisms through which TLR-Mst1-Mst2 signaling regulates microbe-elicited production of ROS during an antimicrobial response and thereby regulates killing of the pathogens and the self-antioxidant defense needed for cell survival. Such studies will provide molecular insight that will aid in the design of therapeutic agents for antimicrobial infection.
METHODS
Methods and any associated references are available in the online version of the paper. 
Measurement of ROS and mROS.
For flow cytometry-based measurements, cells (RAW246.7 cells, BMDMs or neutrophils) were plated in non-tissueculture-treated dishes and then were treated with various TLR agonists or infected with bacteria. The concentrations of stimulants were as follows: 1 µg/ml LPS, 1 µg/ml Pam 3 CSK 4 , 2 µg/ml LTA, 10 µg/ml poly(I:C), 1 µM CpG, 1 µg/ml R848, 500 nM rotenone, 1mg/ml oligomycin or 5 µM antimycin A. The culture medium was removed and then the cells were washed with PBS and then incubated for 30 min at 37 C with MitoSOX (for measurement of mROS superoxide; Invitrogen) and/or CM-H2DCFDA or CellROX (for measurement of total cellular H 2 O 2 ; Invitrogen) at a final concentration of 2.5 µM in serum-free DMEM (Invitrogen). The cells were washed with warmed PBS, removed from the plates by pipetting with cold PBS containing 1 mM EDTA, pelleted at 1,500 r.p.m. for 3 min, immediately re-suspended in cold PBS containing 1% FBS and analyzed by flow cytometry. For luminol-based ROS measurements, a total of 1 × 10 5 BMDMs or neutrophils in DMEM were seeded in each well of a luminometer plate with 10% (vol/vol) FBS. Before the assay, the cells were washed once with warm Hank's balanced-salt solution (HBSS) without phenol red. Then, 200 µl HBSS containing 100 µM luminol and 5 units of horseradish peroxidase (Sigma) was added to each well. Cells were incubated for 10 min at 37 °C, followed by stimulation with L. monocytogenes (MOI, 10) or E. coli (MOI, 20) . ROS production was monitored every minute for 2 h with a luminometer (MRX Revelation 96-well multiscanner; Dynex Technologies).
Cell culture. The 293T, HeLa and RAW264.7 cell lines (from the American Type Culture Collection) were tested for mycoplasma contamination and were found to be negative, then were cultured in DMEM supplemented with 10% FBS and 1× penicillin-streptomycin (Invitrogen).
For BMDMs, the femur and tibia were collected from mice of each genotype, and bone marrow cells were flushed with complete DMEM containing 50 mg/ml streptomycin and 10% FBS. Erythrocytes were removed via treatment with red blood cell lysis buffer, and the cell suspensions were filtered through a 40-µm cell strainer for the removal of any cell clumps. The singlecell suspensions were then cultured for 1 h at 37 °C, and non-adherent cells were collected and re-plated in complete DMEM with 25% medium conditioned by L929 mouse fibroblasts. For full differentiation of BMDMs, the cells were cultured for an additional 8 d with replacement of the medium every 2 d. All cells were CD11b + F4/80 + when analyzed by flow cytometry.
For neutrophils, single-cell suspensions prepared from mouse bone marrow were subjected to Percoll gradient separation (81-62.5%) (GE Healthcare Life Sciences) by centrifugation at 1,600 r.p.m. for 30 min at room temperature. Neutrophils were collected from the interphase, then were washed twice, re-suspended in HBSS and used for further analysis. Cell purity was more than 90%, as shown by staining as CD11b + Gr1 + and analysis by flow cytometry.
Cytokine measurement. Cell supernatants or serum were collected at the appropriate time points after stimulation with LPS or after induction of CLP. The concentrations of mouse IL-6, TNF or IL-1β were measured with ELISA kits (BioLegend) or CBA kits (BD Bioscience) according to the manufacturers' instructions.
CLP. Mice were anesthetized, and an abdominal incision was made for identification of the cecum. The distal one third of the cecum was ligated with silk suture and was punctured once with a 21-gauge needle. A small amount of cecal content was extruded through the perforation. The peritoneum and skin was closed with a continuous suture after the cecum was returned to the abdomen. 1 ml saline was injected intraperitoneally for resuscitation. For sham-treated mice, all of the same steps were performed, except for ligation and puncture of the cecum. Construction of GFP-expressing E. coli. The constitutive prokaryotic promoter BBa_J23100 was inserted upstream of the GFP generator BBa_E0840 in the vector pSB1A2. The product was transformed into DH5α-competent cells for acquisition of an E. coli strain stably expressing GFP (GFP-E. coli). The GFP generator BBa_E0840 was a gift from the iGEM team from the Ocean University of China. The sequence of the promoter BBa_J23100 was obtained from the online Registry of Standard Biological Parts.
Phagocytosis and bacteria-killing assay. For flow cytometry-based measurement of phagocytosis, a total of 1 × 10 6 wild-type and cDKO BMDMs or neutrophils in PBS were cooled down to 4 °C for 30 min. Then, the cells were left uninfected or were infected for 20 min at 37 °C or 4 °C with heat-killed, FITC-labeled and fresh mouse serum-opsonized L. monocytogenes (MOI, 10) or E. coli (MOI, 20) , after which they were washed extensively with cold PBS twice and fixed with 4% paraformaldehyde. The fluorescence of extracellular particles was quenched by replacement of the medium with 0.2% Trypan blue in PBS, pH 5.5, shortly before the actual measurement by flow cytometry.
For measurement of phagocytosis and killing via analysis of immunofluorescence, a total of 2 × 10 5 BMDMs were grown on glass cover slips in 35-mm dishes. Cells were infected for 1 h with GFP-E. coli (MOI, 20), followed by several washes with PBS. Infected cells were further cultured in medium containing 10 µg/ml gentamicin. At the appropriate time points, the cells were washed in PBS and then fixed for 10 min at room temperature in 4% (vol/vol) paraformaldehyde. Slides were mounted with the mounting medium Vectashield (H1200; Vector Laboratories) containing DAPI and were imaged with a confocal microscope (Zeiss LSM 780; Zeiss). The mean pixel intensity of GFP was measured with Zeiss ZEN lite 2012 software. The ratio of the total area of GFP dots to overall cell number is plotted.
For the in vitro bacteria-killing assay, fresh overnight cultures of E. coli and L. monocytogenes were suspended in PBS and were opsonized with fresh npg mouse serum. The BMDMs or neutrophils were incubated for the appropriate time at 37 °C, with intermittent shaking, with E. coli (MOI, 20) or L. monocytogenes (MOI, 10). After each time point, cells were lysed by the addition of distilled H 2 O, and diluted aliquots were spread on LB agar plates (E. coli) or brain-heart-infusion agar plates (L. monocytogenes). CFU was assessed after incubation of the plates overnight at 37 °C.
Mitochondrial membrane potential assay. The mitochondrial membrane potential was measured with a dual-emission potential-sensitive probe (JC-1 dye) according to the manufacturer's instructions (Beyotime Biotech). Wildtype and cDKO BMDMs in a six-well plate were incubated for 20 min at 37 °C (in an incubator at 5% CO 2 ) with 1 ml of mitochondrial staining solution containing 1 ml culture medium and 2.5 µg/ml of JC-1 dye. The cells were then washed twice with warm PBS. Finally, images were viewed and scanned with a confocal microscope (Zeiss LSM 780) at 490-nm excitation and 530-nm emission for green and at 540-nm excitation and 590-nm emission for red.
SDS-PAGE, Phos-tag SDS-PAGE and immunoblot analysis. Gels for SDS-PAGE or Phos-tag SDS-PAGE were prepared according to the manufacturer's instructions (NARD Institute). Proteins were separated by SDS-PAGE or Phostag SDS-PAGE, were transferred onto a PVDF membrane and then were identified by immunoblot analysis with the appropriate primary antibodies at a dilution of 1:1,000 (or as otherwise stated below). Anti-HA (3724), antibody to phosphorylated p38 (9211), antibody to phosphorylated Jnk were from Proteintech Group. Anti-ACO2 (AB61224a) was from Sangon Biotech. Anti-TRAF6 (ab181622), anti-Rac1 (ab33186) and anti-PGC-1a (ab106814) were from Abcam. Anti-Rac1 (sc-217), anti-HA (sc-7392), anti-Myd88 (sc-11356) and anti-ECSIT (sc-79473) were from Santa Cruz. Anti-β-actin (1:5,000 dilution; a2066) and anti-Flag (1:5,000 dilution; F1804) were from Sigma. Anti-Mst1, anti-Mst2 and antibody to Mob1 phosphorylated at Thr35 have been described 49 . Horseradish peroxidase-conjugated antibody to rabbit IgG (7074) or to mouse IgG (7076) (1:3,000 dilution for each) were from Jackson ImmunoResearch Laboratories. The protein bands were visualized woth a SuperSignal West Pico Kit according to the manufacturer's instructions (Thermo Fisher Scientific Pierce).
In vitro kinase assay. Mst2 kinase was expressed as a Flag-tagged protein in HEK293T cells. The Mst2 kinase assay was performed by incubation of Flag-tagged Mst2, immunoprecipitated with anti-Flag, together with recombinant GST-PKC-α amino terminus (amino acids 1-338) or GST-PKC-α amino terminus with the S226A substitution (each purified in bacteria) in a kinase assay buffer containing 2 mM dithiothreitol, 10 mM MgCl 2 , 50 µM ATP, 40 mM HEPES (pH 7.4) and 1 mM EDTA. The reactions were incubated for 30 min at 30 °C before SDS-PAGE and immunoblot analysis.
Staining with hematoxylin and eosin. The tissue specimens were fixed for 24 h in 10% neutral-buffered formalin and then were dehydrated in increasing concentrations of isopropyl alcohol, followed by clearing of alcohol by xylene. The specimens were subsequently embedded in paraffin wax in cassettes for facilitation of tissue sectioning. Standard staining with hematoxylin and eosin was performed on sections 5 µm in thickness from each specimen block.
Assay of the GTP 'charging' of endogenous and recombinant Rac1. 293T cells seeded in a 60-mm dish at 85% confluence were transfected with the appropriate constructs. At 48 hours after transfection, the cells were harvested and then were lysed in binding buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 10 mg/ml leupeptin, 10 mM NaF, 2 mM Na 3 VO 4 and 1 mM PMSF). For BMDMs, cells seeded in a 60-mm dish at 80% confluence were harvested in binding buffer. E. coli-purified GST-PAK1-CRIB (20 µg) preloaded onto GSH Sepharose was incubated for 2 h at 4 °C with the precleared cell lysates. After three washes with binding buffer, the amount of Rac-GTP bound to the beads was determined by SDS-PAGE, followed by immunoblot analysis of Flag or Rac1.
In vivo and in vitro ubiquitination assay. For the in vivo ubiquitination assay, 293T cells were transfected for 36 h with the appropriate plasmids and were lysed in ice-cold lysis buffer ('TNTE 0.5%': 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA and 0.5% Triton X-100, containing 10 mM NaF, 2 mM Na 3 VO 4 , 10 mg/ml leupeptin and 1 mM PMSF). The cell lysates were then subjected to immunoprecipitation with anti-Flag, then were eluted by being boiled for 10 min in 1% SDS, were diluted 10 times in lysis buffer 'TNTE 0.5%' and then were re-immunoprecipitated with anti-Flag (two immunoprecipitations). The ubiquitin-conjugated proteins were detected by immunoblot analysis with the appropriate antibodies. For in vitro ubiquitination reactions, GST-Rac1-Flag and GST-TRAF6 proteins expressed by bacteria were purified with glutathione sepharose beads in 'TNTE 0.5%' buffer. Ubiquitination reactions were carried out with 0.3 mg Rac1, 0.35 mg rabbit E1 ubiquitin-activating enzyme (Boston Biochem), 0.4 mg UBE2N-UEV1A recombinant E2 complex (Boston Biochem), and 10 mg ubiquitin (Boston Biochem) in 20 µl ubiquitinconjugation reaction buffer (50 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 and 0.05 mM dithiothreitol, supplemented with 5 mM ATP). Rac1 was loaded with GTPγS or GDP or was left in its Mg 2+ -free GDP-GTP 'empty' form, as described 50 .
shRNA and lentiviral infection. Lentivirus was produced by co-transfection of 293T cells with shRNA in the vector pll3.7, VSV-G and ∆8.9 plasmids, through the use of Lipofectamine 2000 (Invitrogen). The shRNA was as follows: TRAF6-specific shRNA-1 (5′-GGTTGCCGAAATGGAAGCA-3′), TRAF6-specific shRNA-2 (5′-GAGAACAGATGCCTAATCA-3′), TRAF6-specific shRNA-3 (5′-CAGAACTGCTTGCCTTTCA-3′) and control shRNA (5′-GCAAGCTGACCCTGAAGTTC-3′). The most efficient shRNA was TRAF6-specific shRNA-1. Viral supernatants were harvested at 48-72 h after transfection, then were passed through a 0.45-µm filter, diluted 2:3 with fresh medium containing 8 µg/ml polybrene and used to infect the target cells at 80% confluence. Protein expression was visualized by immunoblot analysis.
Latex bead phagocytosis assay. Yellow-green 3-µm Fluoresbrite carboxy latex microparticles (Polysciences) were left untreated or were coated overnight at 4 °C with 30 µg/ml LPS or Pam 3 CSK 4 in PBS. The beads were washed ten times in large volumes of PBS containing 1% FBS for removal of unbound TLR agonists. BMDMs were cultured on coverslips in six-well dishes and were incubated for 10 min on ice. Microparticles were added at a concentration of approximately four to eight beads per cell and were allowed to settle on the cells for an additional 10 min on ice. Warm medium was added to the cells, and the plates were warmed to 37 °C for the appropriate time to allow bead phagocytosis. Cells were then fixed for 20 min at room temperature with 3.7% paraformaldehyde, were permeabilized with 0.1% Triton X-100 and were stained with anti-Hsp60 (1:100 dilution; 66041-1; Proteintech) and Alexa Fluor 555-conjugated anti-mouse IgG (1:100 dilution; A31570; Invitrogen) for confocal microscopy (Zeiss LSM 780). CFSE labeling. BMDMs were labeled for 8 min at 37 °C with 2.5 µM CFSE (carboxyfluorescein diacetate succinimidyl ester) according to manufacturer's instructions (Invitrogen), then were washed three times in complete DMEM, digested with trypsin and mixed with unlabeled cells.
Confocal fluorescence microscopy.
For fluorescence analysis of F-actin, cells on coverslips were fixed for 10 min with 3.7% paraformaldehyde and were washed three times for 5 min each with 0.1% Triton X-100 in PBS. F-actin in cells was stained with Actin-Tracker Green (FITC-labeled phalloidin; Beyotime) in a solution containing 0.1% Triton X-100 and 5% BSA in PBS. After incubation for 50 min at room temperature, the cells were washed extensively, then were mounted and imaged uwith a fluorescence microscope (Zeiss LSM 780).
For fluorescence analysis of other molecules, BMDMs seeded on glass coverslips in six-well dishes were incubated for 30 min with GFP-E. coli or FITC-labeled heat-inactivated L. monocytogenes. HeLa cells seeded on npg
